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Abstract
8-oxo-7,8-dihydroguanine (8-oxoG) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) are among the most
common oxidative DNA lesions and are substrates for 8-oxoguanine DNA glycosylase (OGG1)–initiated DNA base excision
repair (BER). Mammalian telomeres consist of triple guanine repeats and are subject to oxidative guanine damage. Here, we
investigated the impact of oxidative guanine damage and its repair by OGG1 on telomere integrity in mice. The mouse cells
were analyzed for telomere integrity by telomere quantitative fluorescence in situ hybridization (telomere–FISH), by
chromosome orientation–FISH (CO–FISH), and by indirect immunofluorescence in combination with telomere–FISH and for
oxidative base lesions by Fpg-incision/Southern blot assay. In comparison to the wild type, telomere lengthening was
observed in Ogg1 null (Ogg1
2/2) mouse tissues and primary embryonic fibroblasts (MEFs) cultivated in hypoxia condition
(3% oxygen), whereas telomere shortening was detected in Ogg1
2/2 mouse hematopoietic cells and primary MEFs
cultivated in normoxia condition (20% oxygen) or in the presence of an oxidant. In addition, telomere length abnormalities
were accompanied by altered telomere sister chromatid exchanges, increased telomere single- and double-strand breaks,
and preferential telomere lagging- or G-strand losses in Ogg1
2/2 mouse cells. Oxidative guanine lesions were increased in
telomeres in Ogg1
2/2 mice with aging and primary MEFs cultivated in 20% oxygen. Furthermore, oxidative guanine lesions
persisted at high level in Ogg1
2/2 MEFs after acute exposure to hydrogen peroxide, while they rapidly returned to basal
level in wild-type MEFs. These findings indicate that oxidative guanine damage can arise in telomeres where it affects length
homeostasis, recombination, DNA replication, and DNA breakage repair. Our studies demonstrate that BER pathway is
required in repairing oxidative guanine damage in telomeres and maintaining telomere integrity in mammals.
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Introduction
Telomeres are chromosome end nucleoprotein structures that
are composed of telomere associated proteins and TTAGGG
repeats in mammals [1]. Telomeres cap chromosome ends and
prevent them from being recognized as broken DNA. Dysfunc-
tional telomeres, emanating from loss of telomere repeats and/
or loss of protection by telomere-associated proteins, are
recognized by many DNA damage response proteins, including
cH2AX, 53BP1, and ATM that form telomere dysfunction-
induced foci (TIF) and induce cellular senescence or apoptosis
[2–3].
Telomere length homoeostasis is maintained through interplay
among telomerase extension, telomere recombination, telomere
replication, and telomere capping [1]. Telomerase, a ribonucleo-
protein complex, replenishes replication dependent-telomere
repeat loss and is essential in telomere length maintenance [1].
Telomere associated proteins also play a key role in telomere
length regulation and capping. Mammalian telomeres are coated
by a telomere protein complex, referred as shelterin. Shelterin
includes telomere binding proteins TRF1, TRF2, and POT1 [3]
that negatively control telomere length in cis by limiting the access
of telomerase to the ends of individual telomeres [4–7]. Reduced
telomere-bound TRF1 promotes telomere lengthening in human
cells [4–5], but telomeres that are severely or completely stripped
off the protective telomere protein complex result in telomere
uncapping and evoke ATM or ATR dependent DNA damage
response, nucleolytic degradation and undesirable recombination
[8–15]. Efficient telomere replication also requires the telomere
associated proteins, e.g. TRF1 and WRN [16–19].
Oxidative stress has been proposed to be a major cause of
telomere shortening in cultured cells [20]. For instance, normoxia,
hyperoxia (40% oxygen), and mitochondrial dysfunction-induced
reactive oxygen species (ROS) accelerate telomere shortening and
severely reduce proliferative lifespan of human somatic cells in vitro;
while these phenotypes are delayed when cells are grown in
hypoxia or in the presence of antioxidants [20]. Interestingly,
human cells with long telomeres show increased sensitivity to
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supporting the notion that telomeres are particularly vulnerable
to oxidative damage [21]. These studies suggest that oxidative
stress causes telomere shortening or damage; however it is unclear
which types of oxidative DNA damage arise in telomeres and how
they compromise telomere length and integrity. Previous studies
have demonstrated that oxidative stress causes single strand breaks
(SSBs) in telomeric DNA [22]. Thus, telomere shortening could
arise from SSBs. Oxidative stress has also been shown to induce
oxidative base damage in telomeric oligonucleotides in vitro
[23–25], and 8-oxoG at double-stranded telomeric nucleotides
attenuates binding by TRF1 and TRF2 [26]. It is unclear if
oxidative base damage has any impact on telomere length and
integrity in mammalian cells.
Oxidative DNA damage, resulting from ROS, increases with
age and can accumulate as a variety of oxidative modifications in
purines and pyrimidines [27–28]. Oxidized bases may lead to
mutagenesis, block DNA replication, or alter the affinity of DNA
binding proteins, which can, in turn, attenuate cell viability or
promote tumorigenesis [29–31]. BER is the primary DNA repair
pathway for the repair of non-bulky damaged bases, and the initial
step in BER is base removal by a DNA glycosylase. Several DNA
glycosylases with distinct, but overlapping substrate specificities
have been characterized, and OGG1 primarily excises 8-oxoG
and FapyG paired with cytosine in duplex DNA [30–31]. OGG1
is well conserved from bacterial to mammals, implying its
significant functional importance in maintaining genome integrity
[27–28]. If 8-oxoG is unrepaired, it becomes highly mutagenic,
because it can pair with adenine and lead to GC to TA
transversions after two rounds of replication [32–34]. The removal
of adenine opposite 8-oxoG is via the adenine-specific mismatch
DNA glycosylase, MYH [35]. Mice lacking these repair genes
exhibit an increased spontaneous mutation rate and a marked
increase in tumor predisposition [35–38]. In addition, Ogg1 and
Myh deficient murine cells are sensitive to oxidative stress [39–41].
These studies are consistent with the idea that oxidative base
lesions contribute to genome instability, neoplastic transformation,
and cell death.
Ogg1 deficiency causes an increase in 8-oxoG and FapyG lesions
in the mouse genome [29,36,42]. This genetic model therefore
allows us to study whether these unique oxidative guanine lesions
can affect telomere integrity. Here, we present evidence that
deletion of the mouse Ogg1 gene attenuates telomere integrity via
multiple ways. Thus, interfering with telomere integrity may be
one of the mechanism(s) by which oxidative base damage leads to
genome instability.
Methods
Mice and primary mouse cells
The generation of Ogg1 null mice was described elsewhere [36].
Ogg1
2/2 mice were further backcrossed into C57BL/6 back-
ground. Wild type and Ogg1
2/2 mice were derived from
heterozygous (Ogg1
+/2) breeders. Primary MEFs were isolated
from 13.5 day embryos of Ogg1
+/2 female bred with Ogg1
+/2 male
and cultured in Dulbecco’s Modified Eagle Medium containing
10% fetal bovine serum. Splenocytes were prepared from mouse
spleens, cultured in RPMI 1640 with 10% FBS and 0.1% 2-
mercaptoethanol, and stimulated with 50 mg/ml Escherichia coli
LPS serotype O111:B4 (Sigma-Aldrich) and 50 ng/ml mouse IL-4
(R&D Systems). Bone marrow cells were flushed from femurs and
tibias and cultured with Iscove’s modified Dulbecco’s medium
(IBCO-BRL) supplemented with 20% fetal calf serum (Hyclone) in
the presence of interleukin 6 (200 U/mL; Peprotech) and stem cell
factor (100 ng/mL; Peprotech). To decrease or enhance oxidative
stress, mouse cells were cultured in 3% oxygen (SANYO O2/CO2
incubator, MCO-18M) or 20% oxygen or in the presence of
paraquat. All animal experiments were carried out according to
the ‘‘Guide for the Care and Use of Laboratory Animals’’
(National Academy Press, USA, 1996), and were approved by the
Institutional Animal Care and Use Committee of National
Institute on Aging.
Telomere quantitative fluorescence in situ hybridization
The telomere fluorescence in cell populations of spleen, bone
marrow, and primary MEFs was measured by Flow cytometry and
FISH (Flow-FISH) according to previously published protocol
[43]. A telomere specific FITC conjugated (CCCTAA)3 PNA
probe (0.3 mg/ml, Panagene) was used.
Quantitative FISH (Q-FISH) was performed as previously
described [44–46]. Metaphase spreads were prepared from freshly
isolated or subcultured mouse bone marrow cells, activated
splenocytes, and primary MEFs. Briefly, mice were injected with
100 ml of 0.5% colchicine intraperitoneally for approximately
30 minutes before being sacrificed. Bone marrow cells were then
collected by flushing 1ml of PBS through femurs and tibias.
Cultured mouse cells were incubated with 0.1 mg/ml colcemid for
2–6 hr at 37uC to allow mitotic cells to accumulate. Metaphase
spreads were obtained by incubating colchicine- or colcemid-
treated mouse cells in 0.075 M KCl for 15 minutes in 37uC,
followed by fixing cells in ice-cold 3:1 methanol and glacial acetic
acid and dropping the fixed cells onto slides. Metaphase spreads
were hybridized with Cy3-labeled (CCCTAA)3 (0.3 mg/ml,
Panagene), washed, and then counterstained with 4,6 diamidino-
2-phenylindole (DAPI). For the detection of telomere signal
intensity in G and C strands, metaphase spreads were initially
hybridized with FITC-labeled (CCCTAA)3 PNA probes (0.3 mg/
ml, Panagene). The free-(CCCTAA)3 probe were washed off the
slides, and then hybridized with TRAMA-labeled (TTAGGG)3
(0.3 mg/ml, Panagene). Images were captured using Cytovision
software (Applied Imaging) on a fluorescence microscope (Axio2;
Carl Zeiss); followed by quantification of telomere fluorescence
Author Summary
It has been proposed that oxidative DNA damage
compromises telomere integrity. However, neither the
types nor the consequences of oxidative DNA damage in
telomeres have been fully explored. Oxidative base lesions,
especially 8-oxoG and FapyG are among the most
common oxidative DNA damage. These guanine lesions
are excised by a DNA glycosylase, OGG1, and subsequently
replaced by normal guanines via BER pathway. Telomeric
DNA is rich in guanine, and guanine base is prone to be
oxidized to 8-oxoG and FapyG. To study if 8-oxoG and
FapyG accumulate in telomeres and affect telomere
integrity in mammals, we utilized a mouse model that
was genetically deleted for the Ogg1 gene (it is thus
defective in 8-oxoG and FapyG repair). We found that
oxidative guanine lesions accumulated in telomeres in
Ogg1 deficient mouse cells, which was associated with
multiple telomere defects. These findings demonstrate
that oxidative guanine damage can perturb telomere
integrity and that BER pathway actively participates in
oxidative base repair in telomeres in mammals. Our studies
will be beneficial for uncovering the role of oxidative DNA
damage and BER in mammalian telomeres.
Oxidative Base Lesions Affect Telomere Integrity
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Lansdorp). For histograms and box-plots, data from different mice
of each genotype were scored and R statistical package (http://
www.r-project.org/) along with R.utils package and Biobase
package (http://www.bioconductor.org/) were used. The frequen-
cies of telomeres within a given range of telomere signal intensities
were plotted against the telomere signal intensity using arbitrary
units. Metaphases from different mice of each genotype were
scored for chromosomal and telomeric abnormalities as previously
described [45–46].
Telomerase activity
Telomerase activity was measured by Biomax Telomerase
Detection Kit (Biomax) according to the manufacturer’s
recommendations. Briefly, mouse cell extracts were added to
a pre-mix for quantitative telomerase activity in a real-time
PCR reaction. MyiQ Single-Color Real-Time PCR Detection
System (Bio-Rad) was used to perform the reactions, where
each sample was done in triplicates and performed according
to the manufacturer’s instructions. HeLa cell extracts were
used as positive control. Tert knockout mouse cell extracts and
RNase-treated HeLa cell extracts were used as negative
controls. Relative telomerase activity was expressed as log of
CT value.
Measurement of telomere sister chromatid exchanges
(T–SCEs)
CO-FISH was used to measure T-SCEs and telomere lagging
or leading strand loss [16,47]. Briefly, mice were injected with 3:1
ratio of BrdU/BrdC (Sigma) at a final concentration of
1610
25 M intraperitoneally for approximately 20 hours, and
subsequently with 100 ml of 0.5% colchicine for approximately
30 minutes before being sacrificed. Bone marrow cells were then
collected by flushing 1ml of PBS through femurs and tibias.
MEFs were cultured in medium containing a 3:1 ratio of BrdU/
BrdC (Sigma) at a final concentration of 1610
25 M for 24 hours,
and colcemid (0.1 mg/ml) was added 4 hours before harvest.
Metaphase spreads were prepared from mouse bone marrow cells
or MEFs, stained with Hoechst 33258, exposed to UV light, and
digested with exonuclease III to remove newly synthesized DNA
strands. Hybridization and wash conditions were identical to
those described for Q-FISH. FITC-labeled (CCCTAA)3 and
TRAMA-labeled (TTAGGG)3 PNA probes were used for the
detection of lagging and leading strand, respectively. A
chromosome with more than two telomeric DNA signals by
both FITC-labeled (CCCTAA)3 and TRAMA-labeled
(TTAGGG)3 PNA probes was scored as T-SCE positive. A
chromosome with loss of one or two telomeric DNA signals by
either FITC-labeled (CCCTAA)3 or TRAMA-labeled
(TTAGGG)3 PNA probes was scored for telomere lagging or
leading strand loss.
Indirect immunofluorescence and telomere FISH (TEL–
FISH)
TEL-FISH was performed as described previously [46] with
minor modifications. Briefly, cells were fixed in 1:1 methanol:a-
cetone (Sigma) at 220uC for 10 minutes, permeabilized with 0.5%
NP-40, and blocked in 1% Bovine serum albumin (BSA) (IgG-free,
Sigma). Cells were first immunostained with a rabbit anti-cH2AX
antibody (16193, Upstate Biotechnology), a rabbit anti-53BP1
antibody (BN 100–304, Novus Biologicals), or a mouse anti-
XRCC1 antibody (X0629, Sigma) overnight at 4uC followed by
Alexa 488-labeled secondary antibody (1:500; Molecular Probes)
for one hour at 37uC. Slides were washed with PBS for
15 minutes, fixed in 2% paraformaldehyde at room temperature
for 10 minutes, dehydrated through ethanol series, and air-dried
briefly. Slides were then hybridized to a TRAMA-labeled
(CCCTAA)3 PNA probe (Panagene), then counterstained with
DAPI. Z-stack images were captured and deconvoluted using
Axiovision 4.6.3 software on a fluorescence microscope (Axiovert
200M; Carl Zeiss).
Figure 1. Telomere length in hematopoietic cells freshly
isolated from wild-type and Ogg1
2/2 mice. Q-FISH analysis of
metaphase spreads of the mouse bone marrow cells from wild type and
Ogg1
2/2 mice (n=6). (A) Representative metaphase spreads of wild
type and Ogg1
2/2 mouse bone marrow cells showing DAPI staining
(blue, upper panel) and telomere fluorescence signals (red, upper panel;
white, lower panel). Representative quantitative measurement and
dynamic range of telomeric DNA signal intensity at individual
chromosome ends in a wild type and an Ogg1
2/2 mouse are shown
as histogram (B) and box-plot (C). An increase in telomere signal
intensity was repeatedly observed in Ogg1
2/2 mice, compared to age-
matched wild type mice (1.5-, 1.3-, 1.2-fold increase in three pairs of
mice, respectively).
doi:10.1371/journal.pgen.1000951.g001
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Identification of oxidative base lesions in telomeres was
performed as previously described [48] with modifications. In
brief, DNA was isolated from mouse liver or primary MEFs by
salting out. 4 mg of DNA was treated with HinfI and RsaI
restriction enzyme at 37uC overnight. The reaction was heated at
65uC for 15 minutes and then divided into two equal portions; one
was treated with 8 units of E. coli formamidopyrimidine-DNA
glycosylase (Fpg) (New England Biolabs) and another was treated
with a mock buffer at 37uC for 30 minutes. Fpg was inactivated by
heating at 60uC for 15 minutes. Genomic single-stranded DNA
fragments were separated on 1% alkaline agarose gel according to
their sizes, treated with UV light, then transferred to a nylon
membrane. Single-stranded telomere DNA fragments were
detected by
32P-labeled (CCCTAA)4 probe and visualized by
autoradiography. ImageQuant software was applied in quantifying
DNA cleavage in mock and Fpg-treated samples. A grid object was
created as a single column with multiple rows and was placed over
the lane corresponding to the molecular size markers. The density
measurement was conducted in each row in which each marker
was recorded. The mean length (ML) was calculated as a center of
mass and expressed in kb: ML=S (MWi 6 ODi)/S (ODi), in
which MWi is the length of the telomeric DNA at each row and
ODi is the densitometer output at each row. The frequencies of
Fpg-sensitive lesions in a sample were calculated based on ML
values in Fpg- and mock-treated samples: lesions=(ML untreat-
ed/ML treated)21, in which ML is expressed in kb. Fold-changes
in each sample were further normalized with respect to the
number of Fpg-sensitive lesions in a control.
Results
Ogg1-deficient mouse tissues and primary MEFs under
low oxygen tension display telomere lengthening
Ablation of OGG1 function in S. cerevisiae can cause telomere
elongation [49–50]. Since OGG1 is conserved from S. cerevisiae to
mice, we investigated the impact of Ogg1 deficiency on telomere
length in mice. Mouse bone marrow cells were freshly isolated
from 1–3 month old mice and analyzed by Q-FISH. Compared to
the wild type, Ogg1
2/2 mouse bone marrow displayed higher
mean and median telomere signal intensities (Figure 1). Similar
results were obtained from bone marrow cells from 12 month old
mice (Figure S1). This observation was further confirmed by Flow-
FISH, showing that telomere signal intensity was moderately
increased in Ogg1
2/2 mouse bone marrow cells from young and
old animals (Figure 2A). Freshly isolated splenocytes from .3
Figure 2. Average telomere length in wild-type and Ogg1
2/2 mouse tissues and primary MEFs. Flow-FISH analysis of telomere signal
intensity in freshly isolated bone marrow and spleen from wild type and Ogg1
2/2 mice (n=15) at different age (A), wild type and Ogg1
2/2 primary
MEFs cultivated in 3% and 20% oxygen for 6 passages (B), and wild type and Ogg1
2/2 splenocytes cultivated in 20% oxygen for 3 days (C). Telomere
signal intensity was altered in Ogg1
2/2 mouse tissues and cells, compared to the wild type control.
doi:10.1371/journal.pgen.1000951.g002
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2/2 mice also displayed higher telomere signal
intensity than those of age-matched wild type mice (Figure 2A).
Additionally, we examined telomere length in wild type and
Ogg1
2/2 primary MEFs cultivated in 3% O2 that mimics the in
vivo oxygen level in mice. Telomere signal intensity was moderately
increased in Ogg1
2/2 primary MEFs as shown by Flow-FISH
(Figure 2B) and, to a lesser extent, by Q-FISH (Figure 3).
Next, we examined if deletion of Ogg1 could affect telomere
capping in vivo. Freshly isolated mouse bone marrow cells and
primary MEFs cultivated in 3% O2 were examined for the
frequencies of chromosome end-to-end fusions and telomere signal
free ends (SFEs). Ogg1
2/2 mouse cells did not show any chromosome
end-to-end fusions. The incidence of SFEs was low and not
significantly different between wild type and Ogg1
2/2 mouse cells.
Furthermore, Ogg1
2/2 mouse cells did not display spontaneous
chromosomal abnormalities, e.g. chromosome breaks or fragments
(Table 1). These data suggest that ablation of OGG1 function does
not lead to telomere uncapping and chromosomal instability, but
moderate telomere lengthening in mouse tissues and primary cells
that are subjected to low levels of oxidative stress.
High oxidative stress increases telomere attrition in
Ogg1-deficient mouse cells
To determine if high oxidative stress has the same or different
impact on telomere length, primary wild type and Ogg1
2/2 MEFs
were cultivated in 20% O2 or in the presence of 0.5 mMo f
paraquat (an oxidant). After six passages, they were evaluated for
telomere length by Q-FISH and Flow-FISH. Surprisingly, under
these conditions Ogg1
2/2 MEFs showed reduced telomere signal
intensity, in comparison to wild type MEFs (Figure 2B and
Figure 3). In addition to overall reduction in telomere signal
intensity, Ogg1
2/2 MEFs had increased number of chromosomes
and chromatids without detectable telomere signals (referred to
SFEs and sister telomere loss, STL, respectively) (Figure 3 and
Table 1). Notably, wild type MEFs also showed reduced telomere
signal intensity after prolonged exposure to 20% O2 and 0.5 mM
paraquat, in comparison to 3% O2. Nevertheless, they had less
degree of telomere loss than Ogg1
2/2 MEFs (Figure 3). Similarly,
subcultured Ogg1
2/2 mouse splenocytes and bone marrow cells
showed reduced telomere signal intensity than wild type
splenocytes, after being exposed to 20% O2 for the period of
three days or to 200 mM paraquat for 16 hours, respectively
(Figure 2C, Figure S2, and Figure S3). Collectively, these results
suggest that high oxidative stress increases telomere attrition in
Ogg1
2/2 mouse cells.
Telomere recombination is altered in Ogg1-deficient
mice
8-oxoG in telomeric DNA attenuates binding by telomere binding
proteins [26], which may consequently evoke undesirable telomere
recombination [14–15]. On the other hand, Ogg1 deficiency may
hamper telomere recombination [51]. We thus examined the
frequencies of telomere sister chromatid exchange (T-SCE) in wild
type and Ogg1
2/2 mouse cells using CO-FISH (Figure 4A and 4B,
and [47]). Freshly isolated Ogg1
2/2 bone marrow cells showed
moderately increased T-SCEs (1.1260.25% and 2.8260.57% T-
SC E s/ c h ro mo s o m ei nw i ldt y p ea n dOgg1
2/2, respectively, p,0.001)
(Figure 4C). In 3% O2 primary Ogg1
2/2 MEFs displayed slight yet
insignificant increase in T-SCE events (2.3560.08% and
3.2860.35% T-SCEs/chromosome in wild type and Ogg1
2/2
respectively, p=0.06) (Figure 4C). In 20% O2 primary Ogg1
2/2
MEFs, however, had fewer T-SCEs than the wild type (5.9860.52%
and 9.4360.51% T-SCEs/chromosome in Ogg1
2/2 and wild type,
respectively, p,0.001) (Figure 4C). These results suggest that deletion
of Ogg1 may induce or inhibit telomere recombination, possibly
depending on the level of oxidative stress.
Figure 3. Telomere length in primary MEFs cultivated in low or
high oxidative environment. Q-FISH analysis of metaphase spreads
of wild type and Ogg1
2/2 primary MEFs cultivated in 3% O2, 20% O2,o r
3% O2 in the presence of 0.5 mM paraquat for 6 passages. (A)
Representative metaphase spreads of wild type and Ogg1
2/2 primary
MEFs cultivated in 20% O2. Loss of telomere signals at chromosomes or
chromatids were more frequently observed in Ogg1
2/2 MEFs (see
enlarged chromosomes in boxes). (B) Representative histogram of
dynamic range of telomeric DNA signal intensity at individual
chromosome ends in a wild type and an Ogg1
2/2 primary MEF line.
In comparison to wild type MEFs, slight increase in telomere signal
intensity was repeatedly detected in Ogg1
2/2 MEFs in 3% O2
(approximately 1.1- fold increase in three pairs of MEF lines); and
decreased telomere signal intensity and increased SFEs (see arrow) were
repeatedly observed in Ogg1
2/2 MEFs cultivated with 20% O2 (2-, 1.7-,
and 1.4-fold decrease in three pairs of MEF lines, respectively) and
0.5 mM paraquat (1.8-, 1.3-, and 1.2- fold decrease in three pairs of MEF
lines, respectively).
doi:10.1371/journal.pgen.1000951.g003
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Telomerase plays a key role in telomere elongation [1].
Telomere lengthening in ogg1-deleted S. cerevisiae is dependent on
telomerase [50]. We therefore examined if telomerase activity was
altered in Ogg1
2/2 mice. No detectable differences in telomerase
activity were observed between wild type and Ogg1
2/2 mouse
bone marrow cells by qT-PCR TRAP assay (Figure S4). Telomere
lengthening is therefore unlikely through enhanced telomerase
activity in Ogg1
2/2 mice; however, we cannot exclude the
possibility that there is an increased accessibility of telomerase to
telomeres in Ogg1
2/2 mice.
High oxidative stress enhances telomeric DNA strand
breaks in Ogg1-deficient primary MEFs
Previous studies suggest that oxidative stress-induced SSBs
could result in telomere shortening [22]. In addition, oxidative
base damage in the vicinity of DNA breaks can impose hindrance
for resolving DNA ends [51–54]. Under high oxygen tension,
Ogg1
2/2 mouse cells displayed telomere attrition (Figure 2 and
Figure 3). It is unclear if oxidative stress-induced DNA strand
breaks can accumulate in telomeres due to unrepaired oxidative
base lesions and contribute to telomere attrition in Ogg1
2/2 mouse
cells. We thus examined the frequencies of genomic and telomeric
DNA strand breaks in wild type and Ogg1
2/2 primary MEFs
cultivated in 20% O2. cH2AX and XRCC1 are known to form
foci at the sites of double strand breaks (DSBs) and SSBs,
respectively [55–56], and formation of cH2AX and XRCC1 foci
were therefore used as markers for DSBs and SSBs in the genome
and telomeres.
cH2AX foci weredetected inlate passage wild type andOgg1
2/2
MEFs by indirect immunofluorescence. A greater fraction of
Ogg1
2/2 MEFs showed .3 cH2AX foci compared to the wild
type (approximately 12% wild type and 38% Ogg1
2/2 MEFs,
respectively) (Figure 5A). cH2AX foci were detected in telomeres in
both wild type and Ogg1
2/2 MEFs by TEL-FISH, and the latter
had approximately 2-fold more telomeric cH2AX foci (Figure 5B
and 5C). To further clarify telomeric cH2AX foci, we examined the
formation of 53BP1 foci in telomeres by TEL-FISH [57]. The
53BP1 foci were also detected in telomeric DNA in Ogg1
2/2
MEFs (Figure S5). Similarly, XRCC1 foci were found in the
genome in both wild type and Ogg1
2/2 MEFs (Figure 5D), and
Ogg1
2/2 MEFs had higher occurrence of telomeric XRCC1 foci
(Figure 5E and 5H). This phenotype was further enhanced when
MEFs were treated with 10 mM hydrogen peroxide for 24 hours
(Figure 5F and 5G). Under low oxygen tension (i.e. 3% O2), the
frequencies of cH2AX and XRCC1 foci were low, and no
detectable difference was observed between wild type and Ogg1
2/2
MEFs (data not shown). Collectively, these results support the
notion that oxidative stress can increase DSBs and SSBs in the
genome and telomeres when Ogg1 is deleted.
High oxygen tension leads to preferential telomere
strand loss in Ogg1-deficient primary MEFs
CO-FISH has been applied to detect defects in telomere lagging
and leading strand loss, and it is proposed that such loss is caused
by defects in lagging or leading strand synthesis (Figure 4A and 4B,
and [58–59]). Because oxidative stress can increase DNA strand
breaks in Ogg1
2/2 MEFs, it is possible that these DNA strand
breaks may block telomere DNA replication and contribute to
telomere attrition in Ogg1
2/2 MEFs. We therefore examined the
frequencies of telomere lagging and leading strand loss in wild type
and Ogg1
2/2 primary MEFs by CO-FISH. No significant
difference in leading and/or lagging strand loss was detected
between wild type and Ogg1
2/2 MEFs under low oxygen tension
(3% O2); however, under high oxygen tension (20% O2), more
telomere loss was found in the lagging strand in Ogg1
2/2 MEFs
(1.8060.37% and 3.5060.44% lagging strand losses/chromosome
in wild type and Ogg1
2/2 MEFs, respectively, p,0.001) (Figure 4D
and Figure S6). These results indicate that oxidative stress-induced
oxidative DNA lesions (possibly DNA strand breaks with adjacent
oxidized guanines) may preferentially affect lagging strand DNA
synthesis in telomeres in Ogg1
2/2 MEFs.
Aside from telomere lagging or leading strand synthesis defect,
other factors (e.g. DNA strand breaks and nucleolytic degradation
in a telomere strand) may also contribute to the loss of telomeric
repeats in a telomere strand. To distinguish these possibilities, we
employed a two-color telomere-FISH that detects telomere signals
in G and C strands of a chromatid (Figure 6A and 6B). In 20% O2,
Table 1. Frequencies of chromosomal and telomeric abnormalities in wild-type and Ogg1
2/2 bone marrow cells and primary
MEFs.
Cell types Fragments & breaks End-to-end fusion SFEs
Bone Marrow
Wild type 0% (0/1919 0% (0/1919) 0.4% (7/1919)
Ogg1
2/2 0% (0/1980) 0% (0/1980) 0.7% (14/1980)
Primary MEFs (3% O2)
Wild type 0% (0/1087) 0% (0/1087) 3.2% (35/1087)
Ogg1
2/2 0% (0/1140) 0% (0/1140) 4.1% (47/1140)
Primary MEFs (20% O2)
Wild type 0.1% (1/846) 0% (0/846) 4.5% (38/846)
Ogg1
2/2 0.7% (7/946) 0.11% (1/946) 8.4% (79/946)*
Primary MEFs (0.5 mM paraquat)
Wild type 0.1% (1/993) 0.1% (1/993) 4.1% (41/993)
Ogg1
2/2 0% (0/983) 0.2% (2/983) 18.6% (183/983)*
Abnormal events/total chromosomes were shown in parentheses. SFEs: telomere signal free ends. The data were obtained from metaphase spreads and Q-FISH analysis
of different mice (n=6) or MEF lineages (n=6) of each genotype. * P-value between wild type and Ogg1
2/2 yielded a statistical difference in indicated categories.
doi:10.1371/journal.pgen.1000951.t001
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loss of a chromatid) was detected in wild type and Ogg1
2/2 MEFs,
with higher frequencies in the latter (1.5760.47% and
3.3260.11% telomere chromatid losses/chromosome in wild type
and Ogg1
2/2 MEFs, respectively, p,0.001) (Figure 6B and 6C).
However, loss of telomere signal intensity in one of the telomere
strands, either G or C strand was also evident in wild type and
Ogg1
2/2 MEFs (Figure 6B and 6C), but G-strand loss appeared to
be more prominent and was approximately 2-fold higher in
Ogg1
2/2 MEFs (Figure 6C). Thus, telomere loss occurred in either
one strand or both strands of a chromatid in Ogg1
2/2 MEFs.
These results suggest that besides telomere replication defects,
DNA breakage/degradation-mediated strand loss may have
occurred in telomeres in Ogg1
2/2 MEFs. Because only the G-
rich strand of telomeric DNA can harbor oxidized guanines, this
may explain why oxidative DNA damage induces telomere
attrition with strand bias.
Deletion of mouse Ogg1 is associated with increased
oxidative guanine lesions in telomeres in vivo
Guanine has a lower oxidation potential compared to other
bases, and triple guanines, composed of the mammalian telomere
Figure 4. T-SCEs and telomere lagging or leading strand loss in wild-type and Ogg1
2/2 mouse cells. (A) A schematic presentation of CO-
FISH. In brief, newly synthesized strands are removed, leaving parental strands to be detected by TRAMA-labeled (TTAGGG)3 PNA probe (red color)
and FITC-labeled telomere (CCCTAA)3 PNA probe (green color). In an event of T-SCE, an end shows telomere signals in both green and red. In the
event of collapse in telomere lagging strand synthesis, an end displays loss or reduction in telomere signal intensity in lagging strand. (B)
Representative metaphase spreads of wild type and Ogg1
2/2 primary MEFs showing DAPI staining (blue), leading strand telomere fluorescence
signals (red) and lagging strand telomere fluorescence signals (green). Arrow head: T-SCEs. Arrow: telomere lagging strand loss. *: telomere leading
strand loss. (C) The frequencies of T-SCEs in freshly isolated wild type and Ogg1
2/2 mouse bone marrow cells (left panel) and primary MEFs cultured
in 3% O2 or 20% O2 (right panel). (D) The frequencies of telomeric loss in either telomere lagging or leading strand or both strands within a
chromosome in wild type and Ogg1
2/2 primary MEFs cultured in 3% O2 or 20% O2. When cultivated in 20% O2, Ogg1
2/2 MEFs showed significant
increase in lagging strand loss, compared to wild type MEFs.
doi:10.1371/journal.pgen.1000951.g004
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Consistently, it has been found that triple guanines in telomere
repeats are prone to oxidative damage in vitro [23–25,62]. To
determine the level of guanine oxidation in telomeres in vivo,
genomic DNAs from wild-type and Ogg1 deficient mouse liver and
primary MEFs were digested with restriction enzymes and then
examined for their sensitivity to E. coli Fapy DNA glycosylase
(Fpg). Fpg excises oxidized guanines, resulting in abasic sites that
are further processed by the lyase activity of Fpg to create SSBs
[27–28]. The extent of increased smaller single stranded telomeric
DNA fragments is proportional to the amount of Fpg-sensitive
lesions present within the telomeric DNA and can be extrapolated
to estimate the number of lesions (Figure 7A and Figure S7, and
[48]).
To validate the method, genomic DNA was treated in vitro with
increasing concentration of hydrogen peroxide (H2O2) plus Cu
2+.
Higher doses of H2O2 treatment caused detectable increase of
Fpg-sensitive lesions (Figure 7B), demonstrating that the method is
feasible in estimating Fpg-sensitive lesions in telomeres. Next, we
measured Fpg-sensitive lesions in telomeres in mouse livers derived
from wild type and Ogg1
2/2 mice. The level of telomeric Fpg-
sensitive lesions was not significantly changed in the hepatocytes
from 2- and 8-month old wild type mice; however, telomeric Fpg-
sensitive lesions were elevated in the hepatocytes from 8-month old
Ogg1
2/2 mice (Figure 7C). We also measured oxidative guanine
lesions in primary MEFs during prolonged culture under low and
high oxygen tensions (3% O2 and 20% O2). Higher levels of Fpg-
sensitive lesions were observed in primary MEFs under high
oxygen tension, and Ogg1
2/2 MEFs harbored more lesions than
wild type MEFs (Figure 7C). Collectively, these results indicate
that ablation of OGG1 function can increase oxidative guanine
lesions in telomeres in mouse tissues with aging or in primary
MEFs during prolonged culture or under oxidative stress
conditions.
To further verify if OGG1 participates in oxidative guanine
repair in telomeres in vivo, early passage wild type and Ogg1
2/2
primary MEFs were exposed to 500 mM hydrogen peroxide for
60 minutes and then allowed to recover for 8 hours. Immediately
after hydrogen peroxide treatment (0 hour), high levels of Fpg-
sensitive lesions were detected in wild type and Ogg1
2/2 MEFs,
compared to untreated MEFs. Eight hours after removal of
hydrogen peroxide, Fpg-sensitive lesions were significantly
reduced in wild type MEFs; in contrast they remained at a higher
level in Ogg1
2/2 MEFs (Figure 7C and 7D). Thus, Ogg1
2/2 MEFs
were inefficient in the repair of hydrogen peroxide-induced Fpg-
sensitive lesions in telomeres, while wild type MEFs repaired these
Figure 5. DNA damage foci in wild-type and Ogg1
2/2 primary MEFs cultivated in high oxidative environment. (A–C) cH2AX in late
passage primary MEFs cultivated in 20% O2. (A) Percentage of cH2AX positive cells was divided into subgroups according to the number of foci in a
cell. (B) Percentage of cH2AX foci in telomeres. (C) A representative Ogg1
2/2 primary MEF, showing DAPI staining (grey), cH2AX foci (green), and
telomere fluorescence signals (red). Colocalization of cH2AX staining with telomere signal was illustrated in enlarged images at far right. (D–H)
Genomic or telomeric XRCC1 foci in primary MEFs. (D,E) MEFs cultivated in 20% O2. (F,G) MEFs exposed to 10 mMH 2O2 for 24 hours. Average genomic
XRCC1 foci/cell (D or F) and percentage of XRCC1 foci in telomeres (E or G) were indicated. (H) A representative Ogg1
2/2 primary MEF cultivated in
20% O2, showing DAPI staining (grey), XRCC1 foci (green), and telomere fluorescence signals (red). Colocalization of XRCC1 signals with telomere
signals was illustrated in enlarged images at far right.
doi:10.1371/journal.pgen.1000951.g005
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is involved in the repair of oxidative guanine lesions in telomeres in
vivo.
Discussion
BER is the primary DNA repair pathway for the repair of
oxidative base lesions. Here, we studied the impact of Ogg1
deficiency on telomeres in mammalian cells. We found that
ablation of OGG1 function resulted in increased oxidative
guanine lesions in telomeres in mice with aging or in primary
MEFs during prolonged culture or cultivated in a high oxidative
environment. In addition, lack of Ogg1 led to telomere length
alteration that was dependent on the level of oxidative stress.
Furthermore, deletion of Ogg1 caused altered recombination,
increased DNA strand breaks, and preferential strand loss in
telomeres. Our data support that oxidative guanine lesions affect
telomere integrity and that the OGG1-initiated BER pathway
plays an important role in telomere base damage repair and
telomere maintenance in mammals.
Ogg1 deficient mouse cells showed moderate telomere length-
ening under low oxygen tension (e.g. in tissues or 3% O2);
however, they displayed accelerated telomere shortening under
high oxygen tension (20% O2) or with paraquat treatment. This
observation suggests that the level and types of oxidative DNA
damage in telomeres may affect the outcome of telomere length.
Several possibilities may contribute to the telomere length
alteration in Ogg1 deficient mouse cells.
8-oxoG can directly disrupt telomeric DNA binding by TRF1
and TRF2 [26], and unrepaired 8-oxoG can lead to GC to TA
transversions [33]. The affinity of telomere binding proteins to
telomeric DNA is sequence-specific and can be altered by
mutations in telomeric DNA [63]. Thus, both base lesions and
base lesion-induced mutations may affect the association of
telomere binding proteins to telomeres. Opresko et al have
previously shown that the level of 8-oxoG in telomeres adversely
affects binding by telomere binding proteins [26]. Thus, the
number of oxidative base lesions and mutations may determine the
severity of telomere binding protein depletion in telomeres. It is
known that reduced binding or severe loss of telomere binding
proteins in telomeres can lead to different telomere phenotypes;
the former causes telomere lengthening and the latter results in
telomere uncapping [3]. Thus, when few base lesions affect
telomeric DNA repeats, they may moderately reduce telomere
binding proteins in telomeres, which could liberate the negative
regulation of telomere binding proteins on telomerase and
consequently increase telomerase-dependent telomere repeat
additions. Our studies in S. cerevisiae support this notion, in which
telomere lengthening in ogg1-deleted S. cerevisiae is dependent on
telomerase-mediated telomere elongation [50]. On the other
hand, once oxidized bases accumulate to a certain level in
telomeres, they may severely deplete telomere binding proteins in
telomeres and result in telomere uncapping. Uncapped telomeres
can become targets for nucleolytic degradation and hence cause
telomere shortening.
When exposed to 20% O2 or hydrogen peroxide, Ogg1 deficient
mouse cells showed increased incidences of SSBs and DSBs in
telomeres, evident by XRCC1 and cH2AX foci formation in
telomeres. These DNA strand breaks can represent an obstacle for
DNA replication. Furthermore, base lesions in the vicinity of DNA
strand breaks can somehow accelerate end resection, possibly by
stimulating an endonuclease activity close to the breaks [64]. As a
result, these DNA defects may ultimately lead to telomere
shortening in Ogg1 deficient mouse cells. However, fewer DNA
strand breaks may also arise in Ogg1 deficient mouse tissues and
partially inhibit DNA replication, which could consequently
enhance telomerase pathway and induce telomere elongation
[65–66]. DNA strand breaks in Ogg1 deficient mouse cells may
arise in telomeres by several means. High oxygen tension has been
shown to cause detectable levels of SSBs in telomeres, especially in
the G-strand [22]. Since the presence of oxidative guanine damage
in the vicinity of DNA breakages may impose a hindrance to the
resolution of DNA ends [51–54], they may possibly inhibit repair
of DNA strand breaks in telomeres. If adenine is incorporated
opposite unrepaired 8-oxoG, removal of adenine by the MYH
DNA glycosylase and subsequent abasic site processing can lead to
SSBs in the C-strand [40]. SSBs may also be indicative of
increased partial repair products of back-up DNA glycosylase
activity, e.g. Neil1 [67].
Figure 6. Preferential telomere loss in G strands in primary
Ogg1
2/2 MEFs cultivated in 20% oxygen. (A) A schematic
presentation of a two-color Q-FISH measurement of telomere signals
on G- and C-strands by TRAMA-labeled (TTAGGG)3 PNA probe (red
color) and FITC-labeled telomere (CCCTAA)3 PNA probe (green color). (B)
Representative metaphase spreads of wild-type and Ogg1
2/2 primary
MEFs, showing DAPI staining (blue), C-strand (red), and G- strand
(green) telomere fluorescence signals. (C) Percentage of telomere losses/
chromosome in MEFs. Arrows: chromosomes with loss or reduced
telomere signal intensity in G-strand. Arrowheads: chromosomes with
loss or reduced telomere signal intensity in C-strand. *: chromosomes
with loss of telomere signals in both G- and C-strands in a chromatid.
doi:10.1371/journal.pgen.1000951.g006
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can be detected in WRN and FEN1 mutant cells via CO-FISH,
which may reflect lagging strand telomere synthesis defects
[58–59]. Because oxidative guanine lesions are located at
G-strand in telomeres, they may preferentially inhibit repair of
SSBs in this strand. As a result, lagging strand telomere synthesis
may be affected. Indeed, Ogg1 deficient MEFs showed an increase
in telomere lagging strand loss by CO-FISH analysis. This result
Figure 7. Increased level of Fpg-sensitive DNA lesions in telomeres in Ogg1-deficient mouse tissues and cells. (A) Schematics of
telomere guanine damage detection. A telomere DNA fragment with guanine lesions is converted into smaller fragments due to Fpg’s treatment.
M.W: molecular marker from high (top) to low (bottom) molecular weight. (B) Validation of the method. Mouse genomic DNA was treated in vitro
with increasing concentration of hydrogen peroxide (H2O2) plus Cu
2+, followed by restriction enzyme and Fpg treatment. Telomeric DNA fragments
with (+) or without (2) Fpg treatment were detected by Southern blot analysis using a radio-labeled telomere probe. Higher doses of H2O2 treatment
caused Fpg-dependent increase of shorter telomere DNA fragments and more detectable Fpg-sensitive sites in the telomeric DNA. (C) Detection of
telomeric base lesions in wild type and Ogg1
2/2 mouse tissues and primary MEFs. DNA was extracted from wild type and Ogg1
2/2 liver tissues from 2
and 8 month old mice (left panel), late passage primary MEFs cultured in 3% and 20% O2 (middle panel), or early passage primary MEFs collected at
0 hour and 8 hours after exposure to 500 mMH 2O2 treatment for 60 minutes (right penal). In each experiment, fold changes in telomere base lesions
in a testing sample were derived by normalizing the number of Fpg-sensitive lesions in the testing sample to that in a wild-type control. The control
value was set to 1. The fold change represented average value from at least three independent experiments. M: month. H: hours. (D) Representative
image of primary MEFs recovered from H2O2 treatment. 8 hours after exposure to H2O2, Ogg1
2/2 MEFs still showed smaller telomere DNA fragments
after Fpg treatment, while wild type MEFs displayed similar distribution of telomere DNA fragments with or without Fpg treatment.
doi:10.1371/journal.pgen.1000951.g007
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on the repair of telomere strand breaks may perturb lagging strand
DNA synthesis in telomeres. Telomere lagging strand loss may also
result from SSBs in G-strand along with loss of distal telomeres or
nucleolytic degradation. In fact, the two-color Q-FISH showed
that telomeric G-strand loss can occur alone without a loss of its
complementary C-strand in Ogg1
2/2 MEFs, supporting the latter
possibility.
Besides changes in telomere length, the incidence of T-SCEs
either increased or decreased in Ogg1 deficient mouse cells, which
was reversely associated with the level of oxidative stress. Several
possibilities may account for the altered telomere recombination in
Ogg1 deficient mouse cells. First, variable levels of oxidative base
damage may have different impact on recombination activity. For
example, recombination rates are substantially increased in BER
deficient yeast cells harboring low levels of oxidative DNA damage
in the genome, and it has been postulated that a moderately
damaged genome could promote illegitimate recombination that
serves as a compensatory response in order to tolerate oxidative
DNA damage [68]. However, high density of oxidative base
lesions can inhibit RAD52 annealing activity and thus result in
reduced recombination resolution [51]. Second, OGG1 can
inhibit RAD52 strand annealing and exchange activity [51], and
removal of OGG1 would therefore relieve this inhibition and
activate the recombination pathway. Third, oxidized guanines
may affect telomere recombination by disrupting shelterin’s
association to telomeres. Previous studies demonstrate that
telomere binding proteins prevent telomeres from becoming
substrates for HR, and deletion of telomere binding proteins
invokes T-SCE events [10,15]. Because oxidative base lesions in
telomeric DNA can attenuate binding by telomere binding
proteins [26], it is possible that reduced binding of telomere
binding proteins to telomeres may promote telomere recombina-
tion. Finally, increased telomere sister chromatid exchanges may
associate with recombination repair of stalled or broken replication
forks that might occur at the sites of oxidative bases and/or DNA
strand breaks in telomeres.
We found that oxidative guanine lesions in telomeres were
elevated in older animals or in primary MEFs cultivated under
oxidative stress conditions. Thus, oxidative damage on guanine
bases can increase in telomeres in aging or by environmental
oxidative stress. The level of Fpg-sensitive lesions in telomeres was
increased in Ogg1
2/2 mouse liver and primary MEFs, in
comparison to their wild type counterparts. These results indicate
that OGG1 is involved in repairing oxidative guanine lesions in
telomeres in vivo. This view was further supported by the evidence
that Ogg1
2/2 MEFs were defective in the repair of hydrogen
peroxide-induced Fpg-sensitive lesions in telomeres.
Oxidative stress-induced SSBs can cause telomere shortening
in mammalian cells [20]. Here, we report that another form of
oxidative DNA damage, oxidative base lesions can induce either
telomere lengthening or shortening, depending on the level of
oxidative stress. In a given organism, telomere length is
maintained via a balance between telomere elongation and
shortening [1]. It is possible that moderate oxidative base damage
may favor the pathways for telomere lengthening (e.g. telome-
rase), while extensive oxidative base damage may attenuate
telomere capping, telomere recombination, telomere replication,
and the resolution of DNA strand breaks and ultimately result in
telomere attrition (Figure 8). Telomere shortening has been
linked to human aging and cancer development. Perhaps
extensive base damage occurs in individuals with the conditions,
such as defective BER and increased ROS levels (for example,
chronic inflammation), which may consequently lead to acceler-
ated telomere attrition, thus contributing to premature aging and
cancer formation.
Figure 8. The levels and types of oxidative DNA damage may determine telomere length alteration. Telomeres are normally capped by
telomere protein complex which limit the access of telomerase to telomeres and prevent telomeres from evoking DNA damage response and
becoming the subject of nucleolytic degradation and recombination. Under low oxidative condition, base damage is low and affects fewer telomeric
DNA repeats, which may moderately reduce telomere protein complex in telomeres, thus causing increased telomerase-mediated telomere
lengthening. High oxidative stress can, however, not only increase base damage but also induce DNA strand breaks, and the former may severely
deplete telomere protein complex in telomeres and impose a hindrance to the resolution of DNA breaks. As a result, it may lead to telomere
uncapping, increased telomere strand breaks, and nucleolytic degradation, hence causing telomere shortening.
doi:10.1371/journal.pgen.1000951.g008
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Figure S1 Q-FISH analysis of mouse bone marrow cells from
12-month-old wild type and Ogg1
2/2 mice. (A) Representative
metaphase spreads of wild type and Ogg1
2/2 mouse bone marrow
cells showing DAPI staining (blue, upper panel) and telomere
fluorescence signals (red, upper panel; white, lower panel).
Quantitative measurement and dynamic range of telomeric
DNA signal intensity at individual chromosome ends are shown
as histogram (B) and box-plot (C). An increase in telomere signal
intensity was observed in Ogg1
2/2 mice.
Found at: doi:10.1371/journal.pgen.1000951.s001 (0.90 MB TIF)
Figure S2 Q-FISH analysis of telomere length in activated
mouse splenocytes cultivated in 20% O2. (A) Representative
metaphase spreads of wild type and Ogg1
2/2 mouse splenocytes.
Quantitative measurement and dynamic range of telomeric DNA
signal intensity at individual chromosome ends are shown as
histogram (B) and box-plot (C). A decrease in telomere signal
intensity was observed in mouse Ogg1
2/2 splenocytes. Arrows:
chromosome ends without detectable telomere signals.
Found at: doi:10.1371/journal.pgen.1000951.s002 (0.47 MB TIF)
Figure S3 Q-FISH analysis of telomere length in mouse bone
marrow cells subcultured with paraquat. (A) Representative
metaphase spreads of wild type and Ogg1
2/2 mouse bone marrow
cells. Quantitative measurement and dynamic range of telomeric
DNA signal intensity at individual chromosome ends are shown as
histogram (B) and box-plot (C). A decrease in telomere signal
intensity was observed in mouse Ogg1
2/2 bone marrow cells.
Found at: doi:10.1371/journal.pgen.1000951.s003 (0.52 MB TIF)
Figure S4 Telomerase activity in wild type and Ogg1
2/2 mouse
bone marrow cells. qT-PCR analysis was performed on bone
marrow cell lysate at indicated concentration. The Ct value was
converted into log value. A comparable telomerase activity was
detected in wild type and Ogg1
2/2 mouse bone marrow cells.
Found at: doi:10.1371/journal.pgen.1000951.s004 (0.15 MB TIF)
Figure S5 53BP1 foci are detected in telomeres in Ogg1
2/2
MEFs. Upper panel: a representative Ogg1
2/2 late passage
primary MEF, showing DAPI staining (blue), 53BP1 foci (green),
and telomere fluorescence signals (red). Arrows: colocalization of
53BP1 staining with telomere signal. Lower panel: a primary MEF
negative for 53BP1 foci.
Found at: doi:10.1371/journal.pgen.1000951.s005 (0.42 MB TIF)
Figure S6 CO-FISH analysis of primary Ogg1
2/2 MEFs.
Individual images represent leading-strand (red) and lagging-
strand (green) telomere fluorescence signals. Chromosomes
without telomere loss had two telomere fluorescence signals in
each image. Merged images were shown at the bottom.
Found at: doi:10.1371/journal.pgen.1000951.s006 (0.32 MB TIF)
Figure S7 Schematics of telomerase base lesion calculation. (A)
Gel profiles of wild type and Ogg1
2/2 mouse cells with or without
Fpg treatment. (B) The density in each data point was measured
by densitometer and ImageQuant software and collected into a
grid. (C) The histogram illustrates a density profile of a grid and
the corresponding molecular size at each data point. The mean
length (ML) was calculated as a center of mass, and the frequencies
of Fpg-sensitive lesions in a sample were based on ML values, as
described in Methods.
Found at: doi:10.1371/journal.pgen.1000951.s007 (0.40 MB TIF)
Acknowledgments
We sincerely thank the members of Laboratory of Molecular Gerontology
at National Institute on Aging, especially Drs. Vilhelm Bohr, David
Wilson, Michael Seidman, Robert Brosh, and Patricia Gearhart for
constructive suggestions during the studies; Dr. Vilhelm Bohr for providing
the Ogg1 knockout mice and participating in the detection of base lesions in
telomeres; and Dr. Shengyuan Luo and his team for genotyping animals.
Author Contributions
Conceived and designed the experiments: ZW JL YL. Performed the
experiments: ZW DBR JL CTB FZ HV. Analyzed the data: ZW DBR JL.
Contributed reagents/materials/analysis tools: ZW NCdSP. Wrote the
paper: ZW YL.
References
1. Blackburn EH (2001) Switching and signaling at the telomere. Cell 106:
661–673.
2. d’Adda di Fagagna F, Teo SH, Jackson SP (2004) Functional links between
telomeres and proteins of the DNA-damage response. Genes Dev 18:
1781–1799.
3. de Lange T (2005) Shelterin: the protein complex that shapes and safeguards
human telomeres. Genes Dev 19: 2100–2110.
4. van Steensel B, de Lange T (1997) Control of telomere length by the human
telomeric protein TRF1. Nature 385: 740–743.
5. Smith S, de Lange T (2000) Tankyrase promotes telomere elongation in human
cells. Curr Biol 10: 1299–1302.
6. Loayza D, De Lange T (2003) POT1 as a terminal transducer of TRF1 telomere
length control. Nature 423: 1013–1018.
7. Shore D, Bianchi A (2009) Telomere length regulation: coupling DNA end
processing to feedback regulation of telomerase. Embo J 28: 2309–2322.
8. Karlseder J, Smogorzewska A, de Lange T (2002) Senescence induced by altered
telomere state, not telomere loss. Science 295: 2446–2449.
9. Hockemeyer D, Sfeir AJ, Shay JW, Wright WE, de Lange T (2005) POT1
protects telomeres from a transient DNA damage response and determines how
human chromosomes end. Embo J 24: 2667–2678.
10. Wu L, Multani AS, He H, Cosme-Blanco W, Deng Y, et al. (2006) Pot1
deficiency initiates DNA damage checkpoint activation and aberrant homolo-
gous recombination at telomeres. Cell 126: 49–62.
11. Denchi EL, de Lange T (2007) Protection of telomeres through independent
control of ATM and ATR by TRF2 and POT1. Nature 448: 1068–1071.
12. Guo X, Deng Y, Lin Y, Cosme-Blanco W, Chan S, et al. (2007) Dysfunctional
telomeres activate an ATM-ATR-dependent DNA damage response to suppress
tumorigenesis. Embo J 26: 4709–4719.
13. van Steensel B, Smogorzewska A, de Lange T (1998) TRF2 protects human
telomeres from end-to-end fusions. Cell 92: 401–413.
14. Zhu XD, Niedernhofer L, Kuster B, Mann M, Hoeijmakers JH, et al. (2003)
ERCC1/XPF removes the 39 overhang from uncapped telomeres and represses
formation of telomeric DNA-containing double minute chromosomes. Mol Cell
12: 1489–1498.
15. Celli GB, Denchi EL, de Lange T (2006) Ku70 stimulates fusion of dysfunctional
telomeres yet protects chromosome ends from homologous recombination. Nat
Cell Biol 8: 885–890.
16. Crabbe L, Verdun RE, Haggblom CI, Karlseder J (2004) Defective telomere
lagging strand synthesis in cells lacking WRN helicase activity. Science 306:
1951–1953.
17. Atanasiu C, Deng Z, Wiedmer A, Norseen J, Lieberman PM (2006) ORC
binding to TRF2 stimulates OriP replication. EMBO Rep 7: 716–721.
18. Tatsumi Y, Ezura K, Yoshida K, Yugawa T, Narisawa-Saito M, et al. (2008)
Involvement of human ORC and TRF2 in pre-replication complex assembly at
telomeres. Genes Cells 13: 1045–1059.
19. Sfeir A, Kosiyatrakul ST, Hockemeyer D, MacRae SL, Karlseder J, et al. (2009)
Mammalian telomeres resemble fragile sites and require TRF1 for efficient
replication. Cell 138: 90–103.
20. von Zglinicki T, Petrie J, Kirkwood TB (2003) Telomere-driven replicative
senescence is a stress response. Nat Biotechnol 21: 229–230.
21. Rubio MA, Davalos AR, Campisi J (2004) Telomere length mediates the effects
of telomerase on the cellular response to genotoxic stress. Exp Cell Res 298:
17–27.
22. von Zglinicki T, Pilger R, Sitte N (2000) Accumulation of single-strand breaks is
the major cause of telomere shortening in human fibroblasts. Free Radic Biol
Med 28: 64–74.
23. Henle ES, Han Z, Tang N, Rai P, Luo Y, et al. (1999) Sequence-specific DNA
cleavage by Fe
2+-mediated fenton reactions has possible biological implications.
J Biol Chem 274: 962–971.
Oxidative Base Lesions Affect Telomere Integrity
PLoS Genetics | www.plosgenetics.org 12 May 2010 | Volume 6 | Issue 5 | e100095124. Oikawa S, Kawanishi S (1999) Site-specific DNA damage at GGG sequence by
oxidative stress may accelerate telomere shortening. FEBS Lett 453: 365–368.
25. Oikawa S, Tada-Oikawa S, Kawanishi S (2001) Site-specific DNA damage at
the GGG sequence by UVA involves acceleration of telomere shortening.
Biochemistry 40: 4763–4768.
26. Opresko PL, Fan J, Danzy S, Wilson DM, 3rd, Bohr VA (2005) Oxidative
damage in telomeric DNA disrupts recognition by TRF1 and TRF2. Nucleic
Acids Res 33: 1230–1239.
27. Dizdaroglu M, Kirkali G, Jaruga P (2008) Formamidopyrimidines in DNA:
mechanisms of formation, repair, and biological effects. Free Radic Biol Med 45:
1610–1621.
28. Memisoglu A, Samson L (2000) Base excision repair in yeast and mammals.
Mutat Res 451: 39–51.
29. Hu J, de Souza-Pinto NC, Haraguchi K, Hogue BA, Jaruga P, et al. (2005)
Repair of formamidopyrimidines in DNA involves different glycosylases: role of
the OGG1, NTH1, and NEIL1 enzymes. J Biol Chem 280: 40544–40551.
30. Akbari M, Krokan HE (2008) Cytotoxicity and mutagenicity of endogenous
DNA base lesions as potential cause of human aging. Mech Ageing Dev 129:
353–365.
31. Hegde ML, Hazra TK, Mitra S (2008) Early steps in the DNA base excision/
single-strand interruption repair pathway in mammalian cells. Cell Res 18:
27–47.
32. Michaels ML, Cruz C, Grollman AP, Miller JH (1992) Evidence that MutY and
MutM combine to prevent mutations by an oxidatively damaged form of
guanine in DNA. Proc Natl Acad Sci U S A 89: 7022–7025.
33. Grollman AP, Moriya M (1993) Mutagenesis by 8-oxoguanine: an enemy
within. Trends Genet 9: 246–249.
34. Boiteux S, Radicella JP (1999) Base excision repair of 8-hydroxyguanine protects
DNA from endogenous oxidative stress. Biochimie 81: 59–67.
35. Nakabeppu Y, Sakumi K, Sakamoto K, Tsuchimoto D, Tsuzuki T, et al. (2006)
Mutagenesis and carcinogenesis caused by the oxidation of nucleic acids. Biol
Chem 387: 373–379.
36. Klungland A, Rosewell I, Hollenbach S, Larsen E, Daly G, et al. (1999)
Accumulation of premutagenic DNA lesions in mice defective in removal of
oxidative base damage. Proc Natl Acad Sci U S A 96: 13300–13305.
37. Xie Y, Yang H, Cunanan C, Okamoto K, Shibata D, et al. (2004) Deficiencies
in mouse Myh and Ogg1 result in tumor predisposition and G to T mutations in
codon 12 of the K-ras oncogene in lung tumors. Cancer Res 64: 3096–3102.
38. Kunisada M, Sakumi K, Tominaga Y, Budiyanto A, Ueda M, et al. (2005) 8-
Oxoguanine formation induced by chronic UVB exposure makes Ogg1 knockout
mice susceptible to skin carcinogenesis. Cancer Res 65: 6006–6010.
39. Nakabeppu Y, Tsuchimoto D, Furuichi M, Sakumi K (2004) The defense
mechanisms in mammalian cells against oxidative damage in nucleic acids and
their involvement in the suppression of mutagenesis and cell death. Free Radic
Res 38: 423–429.
40. Oka S, Ohno M, Tsuchimoto D, Sakumi K, Furuichi M, et al. (2008) Two
distinct pathways of cell death triggered by oxidative damage to nuclear and
mitochondrial DNAs. Embo J 27: 421–432.
41. Xie Y, Yang H, Miller JH, Shih DM, Hicks GG, et al. (2008) Cells deficient in
oxidative DNA damage repair genes Myh and Ogg1 are sensitive to oxidants with
increased G2/M arrest and multinucleation. Carcinogenesis 29: 722–728.
42. de Souza-Pinto NC, Eide L, Hogue BA, Thybo T, Stevnsner T, et al. (2001)
Repair of 8-oxodeoxyguanosine lesions in mitochondrial dna depends on the
oxoguanine dna glycosylase (OGG1) gene and 8-oxoguanine accumulates in the
mitochondrial dna of OGG1-defective mice. Cancer Res 61: 5378–5381.
43. Rufer N, Dragowska W, Thornbury G, Roosnek E, Lansdorp PM (1998)
Telomere length dynamics in human lymphocyte subpopulations measured by
flow cytometry. Nat Biotechnol 16: 743–747.
44. Zijlmans JM, Martens UM, Poon SS, Raap AK, Tanke HJ, et al. (1997)
Telomeres in the mouse have large inter-chromosomal variations in the number
of T2AG3 repeats. Proc Natl Acad Sci U S A 94: 7423–7428.
45. Wang Y, Erdmann N, Giannone RJ, Wu J, Gomez M, et al. (2005) An increase
in telomere sister chromatid exchange in murine embryonic stem cells possessing
critically shortened telomeres. Proc Natl Acad Sci U S A 102: 10256–10260.
46. Gomez M, Wu J, Schreiber V, Dunlap J, Dantzer F, et al. (2006) PARP1 is a
TRF2-associated poly(ADP-ribose)polymerase and protects eroded telomeres.
Mol Biol Cell 17: 1686–1696.
47. Bailey SM, Brenneman MA, Goodwin EH (2004) Frequent recombination in
telomeric DNA may extend the proliferative life of telomerase-negative cells.
Nucleic Acids Res 32: 3743–3751.
48. Kruk PA, Rampino NJ, Bohr VA (1995) DNA damage and repair in telomeres:
relation to aging. Proc Natl Acad Sci U S A 92: 258–262.
49. Askree SH, Yehuda T, Smolikov S, Gurevich R, Hawk J, et al. (2004) A
genome-wide screen for Saccharomyces cerevisiae deletion mutants that affect
telomere length. Proc Natl Acad Sci U S A 101: 8658–8663.
50. Lu J, Liu Y (2010) Deletion of Ogg1 DNA glycosylase results in telomere base
damage and length alteration in yeast. Embo J 29: 398–409.
51. de Souza-Pinto NC, Maynard S, Hashiguchi K, Hu J, Muftuoglu M, et al.
(2009) The Recombination Protein Rad52 Cooperates with the Excision Repair
Protein Ogg1 for the Repair of Oxidative Lesions in Mammalian Cells. Mol Cell
Biol 29: 4441–4454.
52. Lomax ME, Cunniffe S, O’Neill P (2004) 8-OxoG retards the activity of the
ligase III/XRCC1 complex during the repair of a single-strand break, when
present within a clustered DNA damage site. DNA Repair (Amst) 3: 289–299.
53. Parsons JL, Zharkov DO, Dianov GL (2005) NEIL1 excises 39 end proximal
oxidative DNA lesions resistant to cleavage by NTH1 and OGG1. Nucleic Acids
Res 33: 4849–4856.
54. Mourgues S, Lomax ME, O’Neill P (2007) Base excision repair processing of
abasic site/single-strand break lesions within clustered damage sites associated
with XRCC1 deficiency. Nucleic Acids Res 35: 7676–7687.
55. Thompson LH, West MG (2000) XRCC1 keeps DNA from getting stranded.
Mutat Res 459: 1–18.
56. d’Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, et al.
(2003) A DNA damage checkpoint response in telomere-initiated senescence.
Nature 426: 194–198.
57. Takai H, Smogorzewska A, de Lange T (2003) DNA damage foci at
dysfunctional telomeres. Curr Biol 13: 1549–1556.
58. Crabbe L, Jauch A, Naeger CM, Holtgreve-Grez H, Karlseder J (2007)
Telomere dysfunction as a cause of genomic instability in Werner syndrome.
Proc Natl Acad Sci U S A 104: 2205–2210.
59. Saharia A, Guittat L, Crocker S, Lim A, Steffen M, et al. (2008) Flap
endonuclease 1 contributes to telomere stability. Curr Biol 18: 496–500.
60. Yoshioka Y, Kitagawa Y, Takano Y, Yamaguchi K, Nakamura T, et al. (1999)
Experimental and Theoretical Studies on the Selectivity of GGG Triplets toward
One-Electron Oxidation in B-Form DNA. J Am Chem Soc 121: 8712–8719.
61. Saito I, Nakamura I, Nakatani K (1998) Mapping of the Hot Spots for DNA
Damage by One-Electron Oxidation: Efficacy of GG Doublets and GGG
Triplets as a Trap in Long-Range Hole Migration. J Am Chem Soc 120:
12686–12687.
62. Kawanishi S, Oikawa S, Murata M, Tsukitome H, Saito I (1999) Site-specific
oxidation at GG and GGG sequences in double-stranded DNA by benzoyl
peroxide as a tumor promoter. Biochemistry 38: 16733–16739.
63. Brevet V, Berthiau AS, Civitelli L, Donini P, Schramke V, et al. (2003) The
number of vertebrate repeats can be regulated at yeast telomeres by Rap1-
independent mechanisms. Embo J 22: 1697–1706.
64. Pawar V, Jingjing L, Patel N, Kaur N, Doetsch PW, et al. (2009) Checkpoint
kinase phosphorylation in response to endogenous oxidative DNA damage in
repair-deficient stationary-phase Saccharomyces cerevisiae. Mech Ageing Dev 130:
501–508.
65. Carson MJ, Hartwell L (1985) CDC17: an essential gene that prevents telomere
elongation in yeast. Cell 42: 249–257.
66. Adams AK, Holm C (1996) Specific DNA replication mutations affect telomere
length in Saccharomyces cerevisiae. Mol Cell Biol 16: 4614–4620.
67. Vartanian V, Lowell B, Minko IG, Wood TG, Ceci JD, et al. (2006) The
metabolic syndrome resulting from a knockout of the NEIL1 DNA glycosylase.
Proc Natl Acad Sci U S A 103: 1864–1869.
68. Swanson RL, Morey NJ, Doetsch PW, Jinks-Robertson S (1999) Overlapping
specificities of base excision repair, nucleotide excision repair, recombination,
and translesion synthesis pathways for DNA base damage in Saccharomyces
cerevisiae. Mol Cell Biol 19: 2929–2935.
Oxidative Base Lesions Affect Telomere Integrity
PLoS Genetics | www.plosgenetics.org 13 May 2010 | Volume 6 | Issue 5 | e1000951